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Why we do what we do

Space: the final frontier
...to boldly go where no man has gone before
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Motivation

@ for a given Av, ve, determines mp: necessary propellant mass

@ rockets use chemical reactions to heat the propellant; vey limited
to chemical energies (typ ~ 4 km/s)

@ electric thrusters accelerate the propellant with electric fields,
drawing power from a power supply

o P = vT, so thrust is limited by power supply; must
operate for thousands of hours

o Electrostatic thrusters v, ~ 100 km/s, Hall thruster
Vex ~ 16 km/s

o accelerator (P ~ 2kW, v ~ ¢, T ~ 1uN)
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Electrostatic Thrusters (lon engine)

@ ions born via electron
bombardment in region of
high potential

@ ions diffuse to grids

_1 N @ ions extracted by sheath

¢ w:; ] - around first grid

POASMA BRIOGE

http://www.grc.nasa.gov/VVWW/;ur;;gl\z/Eerwew/overV|ew htm o accelerated by pOtentiaI
difference between grids

@ NSTAR: 30cm diameter @ ion beam neutralized by
electrons from hollow
@ grids < 1mm thick, 0.7mm cathode
apart
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Motivation

Electrostatic Thrusters in Operation

Performance:
@ Ve 142 km/s
@ thrust: 19-92mN
@ power: 0.5-2.3kW
@ divergence: 20°
0

run time: > 10000 hours

©

efficiency: 65%
Issues:
@ grid erosion

http://nmp.jpl.nasa.gov/ds1/ @ hollow cathode lifetime

@ low thrust density (space-charge
limited)
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Hall Thrusters

Introduction
Current HT research

Magnetic coils Cathode-neutralizer
Magnetic core

distributor

@ 2kW PPPL thruster: 9cm dia

@ B~ 100G, T, ~ 10-60eV,
T, ~1eV,ne ~ 10" 10"2cm—3

@ X, Ai >> L, Qo/vee ~ 100

@ azimuthal electron orbits
(E x B drift), diffuse toward
anode

@ electrons neutralize ion space
charge

@ pe << L << pj: electrostatic
ion acceleration

@ ion beam neutralized by
electrons from hollow
cathode
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Motivation

Hall Thrusters in Operation

Performance:
@ Vg 16-25 km/s
@ thrust: 2-1000mN
@ power: 0.2-50kW
@ divergence: 50°
o efficiency: 50-60%
Applications:

@ orbit station-keeping

@ orbit insertion

2kW PPPL thruster

@ inner-planetary missions
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Motivation

Hall thruster Issues & Basic Physics

Issues:
@ high plume divergence: damage to spacecraft components

@ poor low-power and small-size scaling for microspacecraft
applications

@ scaling to high-power

@ lifetime of hollow cathode

@ high-fregency electromagnetic noise
Basic Physics:

@ Electron transport

@ Plasma-wall interaction
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Cylindrical Hall Thrusters

Emissive and biased probes

Ceramic channel

Magnetic circuit

C
Axial probe F= H, VB

@ magneto-electrostatic trap: axial
electron confinement

@ ionization in annular region;
acceleration in cyl. region

@ ions accelerated | to B: away from
walls, larger plume

3cm channel dia PPPL thruster
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Motivation

Cylindrical Hall Thruster in operation

Performance:
@ Ve 16-25 km/s
@ thrust: 1-5mN
@ power: 200—1000W
@ divergence: 70°
@ efficiency: 20-30%
Parameters:

@ B~ 100-1400G, T, ~
5-20eV, T; ~ 1eV,

@ ne~10"-10"%cm=3,
3cm PPPL CHT Aes Ai >> L
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% ' ' ) Non-self-sustained regime

Motivation: Reduce Plume & Enhance Efficiency

@ generally assumed the
discharge extracts all the
electrons necessary for
operation (neutralization and
best performance):
self-sustained mode

x10¢  CHT plumes in normal and current-overrun regimes

w
@

normal
I OA, 1;0.49A ||

w

current-overrun
1k:3.0A, 1d:0.59/

N
@«

~

[
o

@ previous work discovered
plume-narrowing achieved by
“overrunning” the discharge
current (Ig):

G0 w0 4o 2 0w @ o i non-self-sustainted mode

Angle Off-axis [deg]

Plume Probe Current [A]

0.5

@ Iy increased by driving a
Typical narrowing of the thruster plume in the direct C_ath_Ode_keeper current or
(mirror B field) configuration current OC regime, using the blaSIng seg mented
3cm CHT.
electrodes
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Non-self-sustained regime

Improvement in Anode Efficiency in the Current Overrun Regime

ossh 2 Gemeae erany ] @ Anode efficiency (na) almost
v 2.6 oc, 1
semsa ey ] doubled; up to ~40%
0.55 x 3cmOC, P, only (calc)
3cm OC, overrun power incl. (calc)

05 @ Thrust increased 50—100%;

" } + H + j up to 6.5mN
+ + + ] @ performance still enhanced
} {‘i’:{: 1 * 1 using little overrun power

Anode Efficiency

0.2
sl iY @ direct thrust measurements
40 60 80 100 120 140 160 180 200 220 240 . . .
Discharge Power (W] consistent with measured ion
current and ion energy in
plume

Measured anode efficiency (r4) of the 2.6cm CHT
demonstrating the improved n4 of the OC regime. Also
calculated 4 for the 3cm CHT derived from plume ion
current and ion energy measurements.
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lon Energy

@ on-axis ion energy is typically 10—20 eV higher in the
current-overrun regime

@ off-axis ion energy is substantially reduced

lon Energy Distribution near-axis for std. and OC cases lon Energy Distribution far off-axis for std. and OC cases
2
0'std — 60 std.
—o0'oc 025 —60 OC
2 —30"std. —90"std.
———30o0c — 90 oc

15

lon Energy Distribution [rel. units]
lon Energy Distribution [rel. units]

05

) 50 100 150 200 250 300 350 ) 50 100 150 200
lon Energy [eV] (RPA voltage [V)) lon Energy [eV] (RPA voltage [V]))

250 300
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lon Energy

on Energy Distbusion near—ans for st and OC cases

— o

Possible explanations for on-axis energy shift:

on Eneroy Disruion el unis]

o @ Ambipolar potential changing thruster
floating potential with respect to ground

W 1 a0 w0 a0 w0
Ton Energy [oV] (RPA voage )

@ Shift in ionization region due to increased
T ES Te or ne
@ Decrease in cathode-plume resistance

o Enery [ev) (6rd Rearcing Valiage [V)
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% ' ' ! Non-self-sustained regime

lon Energy, contd.

@ Ambipolar potential changing thruster floating potential with
respect to ground
o Langmuir probe measurements in the plume region
indicate: V; =~ 0.5V, To =~ 0.4eV, and V, ~ 2.6eV
o These parameters remain unchanged in the
current-overrun regime.

@ Shift in ionization region due to increased T, or ne
@ Decrease in cathode-plume resistance

o higher electron emission current in OC regime
o for negative-resistance devices (ex. glow discharge), higher
current results in lower potential drop

@ Positive shift in the cathode potential sufficiently accounts for the
increased ion energy on-axis for hollow cathode experiments
using 0.4 mg/s Xenon flow rate.
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Filament Experiments

CHT operation with filament cathode

Motivation:
@ Eliminate complex internal physics of the hollow cathode

@ Direct control of electron emission source via heater current
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Grid 1 - Floating

Grid 2 - Electron Repelling o b|ased gl’aphlte prObe '[0
¥ i, S measure plume /o
il @ 4-grid RPA to measure ion
Copper Collector energy dlstrlbutlon
Phenolic Sleeve
Stainless Steel Body [+ Langmuir probe to measure

Vi at channel exit

RGN / .

V @ digital scope to measure
Macor Insulator . .
Washers ﬂUCtuatIOHS n Vd, Id, Vf
http://www.engin.umich.edu/dept/aero/spacelab/diagnostics/RPA.htm
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Plume strongly affected by source electron current

@ plume-narrowing can be controlled by varrying the source
electron emission

@ internal physics of the hollow cathode is not relevant for
understanding performance enhancement

CHT plumes as | is varied CHT Plume Half-Angle vs. Discharge Current
05
——— 1d:0.208A
0.45 1d:0.210A [
—— 10:0.218A 64r 1
0.4 — 1d:0.227A]|
_ —— 1d:0.238A L 1
< 035 o 82
< k)
£ o3 <
g L e 8
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2 0.25] g
5 58 1
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P
E g
2 015 ® 56l 1
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sal- : : : 1
0.05
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Angle off-axis [deg] Discharge Current [A]
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Filament Experiments

Effect of electron source

lon current vs. angle off-axis

@ Source electron emission is (/emission)
increased with heater current.

@ Discharge current (/) increases with
lemission; Plume angle decreases.

T CE
Angie of-axs [deg]

@ /4 saturates to maximum; increase of
lemission dO€s not increase Iy or improve

S ——— plume angle: Iy can be electron

source-limited or mobility-limited

Plume 90% half-angle vs. /4

@ saturated Iy depends on position of

BT I I filament cathode
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Position Dependence

@ B outside the channel is sufficiently strong to magnetize the
electrons pe < 1Tmm

@ electrons are deposited on particular field lines

@ moving the filament position radially or axially can affect Iy and
cause a transition between regimes
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Filament Experiments

lon energy increases with discharge current

@ the ion energy distribution

, Average lon Energy vs. Discharge Current (IEDF) near-axis shifts to

Lo o] o3 higher energy with increased
: la
3 205F
g o .
@ lon energy does not increase
: a : =
e @ with additional Igmission ONCE
G Iy is saturated (the
¢ o mobility-limited regime)

1851 a o . . g .

@ if the filament position is

“0205 021 0215 022 0225 023 0235 0.24

Dl e moved and Iy changes, E;
continues to increase with Iy
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Filament Experiments

, i + @ unlike experiments with the hollow
cathode neutralizer, the IEDF shift is
greater than the sum of increased
tt channel voltage drop and cathode
voltage

@ using filament cathode with 0.2 mg/s
Xenon flow rate through anode, energy
| ++ shift can exceed 40 eV.

Voltage [V]

§ 4 @ indicates that ionization must be taking
t place in a region of higher Vpasma, ie.
ionization region is shifted relative to
equipotential surfaces
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Summary

Conclusions

@ Enhanced performance current-overrun regime is due to
increased electron emission from the cathode

o source-limited and mobility-limited regimes

o in the source-limited regime, increasing electron emission
from the cathode improves performance

o plume angle is reduced as Iy increases until saturation: the
mobility-limited regime.

@ |EDF (near-axis) shifts 1040 eV as Iy increases to saturation

@ using a hollow cathode, shift in cathode potential is
sufficient to explain the energy increase

o using a filament cathode, the ionization region must shift
relative to equipotential surfaces

@ Discharge operating parameters are sensitive to the position
of electron emission
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Summary

Future Direction

@ Develop theory for the source-limited regime. Do instabilities
contribute to increased cross-field transport?

@ Characterize fluctuations to determine if cross-field transport
changes from one regime to another.

@ Confirm presence of multicharged Xenon (Martin’s job!)

@ Measure changes in ng, T, with Langmuir probes mounted on
the channel wall or a fast reciprocating probe inside the channel

@ Develop theory for electron confinement in the thruster channel.
Apply anomalous transport models based on the fluctuation
spectrum to better understand electron cross-field transport.
Can this explain /4 saturation?

@ Numerical simulations to understand how equipotential surfaces
(hence ion acceleration) are modified inside the thruster channel
as discharge current is varied. Can this explain plume
enhancement?
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